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Institute of Theoretical Physics, Chinese Academy of Sciences,
Beijing 100080, China
A new framework of heavy quark effective field theory (HQEFT)
is studied and compared with the usual heavy quark effective the-
ory (HQET). |Vub|, |Vcb| and heavy meson decay constants are
extracted in the new framework. HQEFT can yield reasonable
results for both exclusive and inclusive decays.
The CKM matrix elements Vub, Vcb and the heavy meson decay constants
are of crutial importance in particle physics. They have been studied for a long
time in the full QCD and in effective theories, but their values are far from
being determined precisely. HQET is one of the most favorable effective theo-
ries in attacking heavy hadrons. In the usual HQET, one generally decouples
the quark and antiquark fields and deals with only one of them independently.
This only provides an approximate treatment for some cases though it has
been widely applied to various processes.
It has been noticed for a long time that the usual HQET does not always
yield consistent and reliable results. The decay constants of heavy mesons
receive unexpectedly large 1/mQ order corrections
1,2, which makes the calcu-
lation based on heavy quark expansion inconsistent, in some sense. For the
lifetime ratios of Λb baryon and B meson, the theoretical estimate in HQET
( τ(Λb)τ(B0) ≥ 0.98 3) appears to be too large so that it conflicts with the world
average of experimental measurements ( τ(Λb)τ(B0) = 0.79± 0.05 4).
In the usual framework of HQET, 1/mQ order corrections to the inclusive
decay rate are absent only when the rate is presented in terms of heavy quark
mass mQ rather than the heavy hadron mass mH
5. This seems to be conflict
with the case in the exclusive decays where the normalization of the transition
matrix elements is given in terms of heavy hadron mass6. Such an inconsistency
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in the usual HQET may be the main reason that leads to the difficulty in
understanding the lifetime difference among the bottom hadrons.
Many processes have not yet been well investigated in HQET. Since the
usual HQET does not include the contributions of effective antiquarks in the
effective Lagrangian, it is not suitable for analyzing the processes including
quark-antiquark pair creation and annihilation. From this point of view, a
complete Lagrangian with including both contributions of quarks and anti-
quarks would be favorable. Transitions such as B decays into excited charmed
mesons and heavy-to-light decays have not yet been studied to a satisfactory
degree. The large uncertainties require both more precise experimental mea-
surements and a reliable framework in theory.
The heavy quark spin-flavor symmetry can be manifestly exhibited in ef-
fective theories. This enables one to analyze different heavy hadrons and pro-
cesses by using the same set of universal functions, which are independent of
the spin-flavor of the heavy quarks. In this way the heavy flavor physics be-
comes simpler for the reduction of independent parameters. Though the HQET
presents a compact framework, there are possibilities of further reducing the
number of independent wave functions in the HQEFT as will be illustrated
below (see also Refs.8,9).
Strictly speaking, in quantum field theory particle and antiparticle de-
couple completely only in the limit mQ →∞. To consider the finite quark
mass correction precisely, it is necessary to include the contributions from the
components of the antiquark fields. One can simply extend the usual HQET
to a heavy quark effective field theory with keeping both effective quark and
antiquark fields. This was first pointed out by Y. L. Wu in Ref.7.
One may start from QCD Lagrangian:
LQCD = Llight + Lheavy = Llight + Q¯(iD/−mQ)Q. (1)
Firstly, denote the quantum field Q as
Q = Q+ +Q− (2)
with Q+ and Q− being the two solutions of the Dirac equation, (iD/−mQ)Q± =
0. We decompose the fields Q± into
Q± = Qˆ±v +R
±
v , (3)
where Qˆ±v ≡ 1±v/2 Q±, R±v ≡ 1∓v/2 Q±, and introduce new field variables Qv and
Q¯v defined by
Qv = e
iv/mQv·xQˆv, Q¯v =
¯ˆ
Qve
−iv/mQv·x. (4)
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vµ can be an arbitrary four-vector satisfying v2 = 1. Note that both Qˆv
and Rv contain the components of quark and antiquark fields. Qˆ
±
v are the
‘large components’ and R±v the ‘small components’. With above definitions,
an effective Lagrangian for the large components (Qˆv or Qv) can be easily
derived by integrating out the small components R±v :
Lheavy → LQ,v = L++Q,v + L−−Q,v + L+−Q,v + L−+Q,v (5)
with
L±±Q,v = Q¯±v [iD/‖ +
1
2mQ
iD/⊥(1−
iD/‖
2mQ
)−1iD/⊥]Q
±
v ≡ Q¯±v AQ±v , (6)
L±∓Q,v = e±2imQv·xQ¯±v [−iD/⊥ +
1
4m2Q
(−i
←
D/⊥)(1 −
−i
←
D/‖
2mQ
)−1iD/⊥
× (1 − iD/‖
2mQ
)−1iD/⊥]Q
∓
v ≡ e±2imQv·xQ¯±v BQ∓v . (7)
In the usual HQET, quark and antiquark fields are completely decoupled,
and the effective Lagrangian there includes only the Q+ component in Eq.(2).
As a result, the effective Lagrangian in HQET contains only L++Q,v but not the
other 3 parts in Eq.(5).
If further integrating out the antiquark fields (but not neglecting their
contributions), the effective Lagrangian can be written in the following form
in terms of only quark fields:
Leff = Q¯+v {iD/‖ +
1
2mQ
iD/⊥(1−
iD/‖
2mQ
)−1iD/⊥ − [iD/⊥ + 1
2mQ
iD/⊥
×(1− iD/‖
2mQ
)−1iD/⊥
1
iD/‖
iD/⊥][iD/‖ − 2mQ − iD/⊥
1
iD/‖
iD/⊥]
−1
×[iD/⊥ + 1
2mQ
iD/⊥
1
iD/‖
iD/⊥(1−
iD/‖
2mQ
)−1iD/⊥]}Q+v . (8)
When the mass of a heavy quark is much larger than the QCD scale ΛQCD,
this effective Lagrangian can be expanded in inverse power of the heavy quark
mass and be straightforwardly written as Leff = L(0)eff + L(1/mQ)eff with
L(0)eff = Q¯+v (iD/‖)Q+v , (9)
L(1/mQ)eff =
1
mQ
Q¯+v (iD/⊥)
2Q+v +
1
2m2Q
Q¯+v iD/⊥(iD/‖)iD/⊥Q
+
v
+
1
4m2Q
Q¯+v (iD/⊥)
2 1
iD/‖
(iD/⊥)
2Q+v + O(
1
m3Q
), (10)
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To show the contributions of antiquarks more clearly, the Lagrangian can
be written as:
L → LQ,v → Leff = L++Q,v + L˜++Q,v, (11)
L˜++Q,v ≡ L+−Q,v + L−+Q,v + L−−Q,v
=
1
2mQ
Q¯+v A
1
iD/‖
iD/⊥[1−
iD/‖
2mQ
+
1
2mQ
iD/⊥
1
iD/‖
iD/⊥]
−1iD/⊥
1
iD/‖
AQ+v . (12)
L˜++Q,v is the additional contributions to the part L++Q,v that is adopted in the
usual HQET. This additional part may be regarded as the effective potential
of heavy quark due to the exchanges of virtual antiquarks. When one imposes
the on-shell condition AQ+v = 0, i.e. L++Q,v = 0, the effective potential L˜++Q,v also
vanishes. For an off-shell heavy quark in a hadron, L˜++Q,v 6= 0, and the leading
order contribution of the effective potential is L˜++Q,v|LO = Q¯+v (iD/⊥)
2
2mQ
Q+v . As is
expected, antiquarks contribute from the order of 1/mQ.
The effective LagrangianLeff automatically preserves the velocity reparametriza-
tion invariance as well as Lorentz invariance without the need of summing
over the velocity. This can be understood easily by noticing the fact LQCD =
Llight + LQ,v = Llight + LQ,v′ .
It is also noticed that Luke’s theorem is a natural result of this HQEFT,
without the need of on-shell condition iv ·DQ+v = 0 8. This result is nontrival
and has its importance in explaining the bottom hadron lifetime ratios in
HQEFT.
Furthermore, fewer independent functions (parameters) are needed in HQEFT
than in HQET. For example, to characterize the 1/mQ order corrections to
heavy-to-heavy transition matrix elements, HQET needs all together 8 func-
tions, while HQEFT needs only 3. And for the 1/mQ order corrections to heavy
meson decay constants, HQET needs 4 parameters, while HQEFT needs only
2. This simplification has been illustrated in detail in Refs.8,9.
In the HQEFT, heavy meson decay constants can be written as 9
fM =
F√
mM
{1 + 1
mQ
(g1 + 2dMg2)}. (13)
F is the leading order parameter, while g1, g2 characterize the 1/mQ order
corrections. These have been calculated using sum rule methods with the
results 9: Λ¯ = 0.53± 0.08GeV, F = 0.30± 0.06GeV3/2, g1 = 0.54± 0.12GeV,
g2 = −0.06± 0.02GeV. Notice that |g1|/mQ remains small enough so that the
1/mQ expansion in the new framework of HQEFT appears to be reliable. The
scaling law fM ∼ F/√mM is only slightly broken at the 1/mQ order.
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As a comparison, decay constants in the usual HQET is represented as
fM =
F√
mM
(1− dM Λ¯
6mQ
+
G1
mQ
+ dM
G2
mQ
). (14)
with the 1/mQ order corrections very large (G1 ≈ −2.0GeV in Ref.1, G1 ≈
−0.8GeV in Ref.2). So, in the HQET, the scaling law is seriously broken.
For the decay constants, we get in HQEFT when no QCD radiative cor-
rections are considered 9: fB(mb) = 159± 42 MeV, fB∗(mb) = 166± 38 MeV,
fD(mc) = 251 ± 99 MeV, fD∗(mc) = 293 ± 86MeV. With two-loop QCD
corrections, we get: fB(mb) = 196 ± 44 MeV, fB∗(mb) = 206 ± 39 MeV,
fD(mc) = 298± 109 MeV, fD∗(mc) = 354± 90 MeV. These agree with results
obtained from lattice simulations or other phenomenological approaches 10.
Semileptonic decays B → D∗(D)lν provide one of the main approaches to
extract the value of |Vcb|. The differential decay rates are:
dΓ(B → D∗lν)
dω
=
G2F
48π3
(mB −mD∗)2m3D∗
√
ω2 − 1(ω + 1)2
×[1 + 4ω
ω + 1
m2B − 2ωmBmD∗ +m2D∗
(mB −mD∗)2 ]|Vcb|
2F2(ω), (15)
dΓ(B → Dlν)
dω
=
G2F
48π3
(mB +mD)
2m3D(ω
2 − 1)3/2|Vcb|2G2(ω) (16)
with ω = v · v′, F(ω) = ηAhA1(ω), G(ω) = ηV [h+(ω)− mB−mDmB+mD h−(ω)], where
|Vcb|F(1) = 0.0352± 0.0026, |Vcb|G(1) = 0.0386± 0.004111; ηA = 0.960± 0.007,
ηV = 1.022± 0.00412.
Due to the Luke’s theorem, the factors hA1 , h+ and h− are protected from
1/mQ order corrections at the zero recoil point ω = 1. For this reason, in
the usual HQET, the B → D∗lν decay is more favorable for the extraction
of |Vcb|, because its decay rate receives no corrections of 1/mQ order. In the
new framework of HQEFT, however, h−(ω) = 0
8. This implies that both
the differential decay rates of channels B → Dlν and B → D∗lν receive no
order 1/mQ corrections. Therefore both channels can be used to extract |Vcb|
reliably.
The HQEFT gives interesting relations between meson masses and wave
functions 8. Those relations enable one to get the zero recoil values of HQEFT
wave functions, and furthermore to extract |Vcb| from the meson masses. We
get |Vcb| = (3.78±0.28exp±0.18th)×10−2 from B → D∗lν decay, and |Vcb| =
(3.82±0.41exp±0.28th)×10−2 from B → Dlν decay8, which are close to each
other, and agree with the world average 13: (3.67 ± 0.23exp ± 0.18th) × 10−2
with using dispersion relation F(ω) parameterization, and (3.92 ± 0.30exp ±
0.19th)× 10−2 with using linear F(ω) parameterization.
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Semileptonic decays B → π(ρ)lν provide two of the most direct channels
to estimate |Vub|. One can parameterize the leading order transition matrix
elements in the effective theory of heavy quarks as 14,15
〈π(p)|u¯ΓQ+v |Bv〉 = −Tr[π(v, p)ΓM(v)],
〈ρ(p, ǫ∗)|u¯ΓQ+v |Bv〉 = −iT r[Ω(v, p)ΓMv],
where
π(v, p) = γ5[A(v · p, µ) + pˆ/B(v · p, µ)],
Ω(v, p) = L1(v · p)ǫ/∗ + L2(v · p)(v · ǫ∗) + [L3(v · p)ǫ/∗ + L4(v · p)(v · ǫ∗)]pˆ/ (17)
with pˆµ = p
µ
v·p . A, B and Li(i = 1, 2, 3, 4) are the leading order wave func-
tions characterizing the heavy-to-light matrix elements in the effective theory.
In heavy-to-light decays, the HQS loses some of its predictive power. How-
ever, HQS and relevant effective theories are still useful since they give us
relations between different channels. For example, B → ρlν and D → ρlν
are characterized by the same set of wave functions Li. We calculated these
leading order wave functions using light cone sum rules. Consider the π dis-
tribution functions up to twist 4 and the ρ distribution functions up to twist
2, we get |Vub| = (3.4 ± 0.5exp ± 0.5th) × 10−3 from B → πlν decay 16,
and |Vub| = (3.9 ± 0.6exp ± 0.7th) × 10−3 from B → ρlν decay 17. These
leading order results agree well with those from full QCD calculations 18:
(3.9±0.6exp±0.6th)×10−3 fromB → πlν decay, or (3.4±0.6exp±0.5th)×10−3
fromB → ρlν decay, and are also compatible with the combined result from the
analyses based on different models and treatments on B → π(ρ)lν transitions19:
|Vub| = (3.25± 0.14+0.21−0.29 ± 0.55)× 10−3.
Let us also take a look on the application of HQEFT on inclusive decays.
The HQET predictions on the lifetime defferences of bottom hadrons are 3:
τ(B0s)
τ(B0) ≈ 1, τ(Λb)τ(B0) ≥ 0.98, while the world average values of experiments are 4:
τ(B0s)
τ(B0) = 0.94 ± 0.04, τ(Λb)τ(B0) = 0.79 ± 0.05. This is a well-known contradiction
in heavy flavor physics. Calculations 20,21 in HQEFT give
τ(B0s)
τ(B0) = 0.96± 0.06,
τ(Λb)
τ(B0) = 0.78± 0.05, in good agreement with the experimental values.
Calculations in HQEFT on inclusive semileptonic decay rates also lead to
|Vcb| and |Vub| values 20,21: |Vcb| = (3.89 ± 0.05exp ± 0.20th) × 10−2, |Vub| =
(3.48 ± 0.62exp ± 0.11th) × 10−3, which agree well with those obtained from
exclusive decays.
For the charm counting in B0 decays, HQEFT predicts 20,21 nc = 1.19±
0.04, which is smaller than predictions in HQET 22: nc = 1.24 ± 0.06 in OS
scheme, and nc = 1.30 ± 0.07 in MS scheme. So the value of nc obtained in
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HQEFT is, compared to the HQET prediction, closer to the world average 23:
nc = 1.17± 0.04.
In these applications of HQEFT into inclusive decays, the mass entering
into the inclusive decay rates is the ‘dressed heavy quark’ mass mˆ5Q instead of
the quark mass m5Q, where
mˆQ = mQ + Λ¯ = mHQ(1 +O(1/m
2
HQ)) (18)
with Λ¯ being the binding energy of the heavy hadron. And therefore hadrons
have different phase space effects in HQEFT. These are the main reasons for the
improvement of the new HQEFT with respect to the usual HQET in studying
inclusive decays.
As a summary, the HQEFT gives reasonable results for |Vub|, |Vcb| and
heavy meson decay constants. In all discussed applications in exclusive and
inclusive decays, the HQEFT proves to be consistent, reliable and simple. We
found that the antiquark components do contribute measurable effects, which
in turn supports the inclusion of both quark and antiquark contributions in
the effective Lagrangian. The HQEFT should be able to be applied to many
other processes of heavy hadrons, and further improve our understanding on
the heavy flavor physics.
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